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FOREWORD 
This  r e p o r t  is  submit ted t o  NASA, t h e  Mission Ana y s i s  D iv i s ion  of QART, 
as p a r t  of t h e  f i n a l  r e p o r t i n g  on Contract  NAS 2-5022, Optimized Cost/Per- 
formance Design Merhodology of O r b i t a l  T ranspor t a t ion  Systems. Th i s  twelve 
month s tudy  w a s  i n i t i a t e d  i n  J u l y  1968 and w a s  performed i n  two gene ra l  phases: 
a d a t a  review and a n a l y s i s  phase and a system eva lua t ion  phase.  
of  t he  s tudy  is organized i n  t h r e e  volumes bu t  i nc ludes  several books i n  
Volumes 2 and 3. 
covers  t h e  phase 1 d a t a  review and analysis,,  and Volume 3 covers  t h e  
phase 2 system eva lua t ion .  
Leaders were P. T.  Gent le ,  V. E. Henderson, L. E. Smkth, and A. D. Trautman. 
The NASA Technical  Monitor w a s  C .  D.  H a v i l l .  
The r e p o r t i n g  
Volume 1 is a s h o r t  summary of t h e  complete s tudy ,  Volume 2 
The Study Manager w a s  L. M, Mcby;  t h e  major Task 
McDonnell Douglas g r a t e f u l l y  acknowledges t h e  suppor t  and coopera t ion  o f  
many companies which suppl ied  information t o  t h e  s tudy .  A l i s t  of t h e  companfes 
and t h e i r  area of c o n t r i b u t i o n  i s  included i n  Volume 11, Book 1, Appendix A. 
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AUS'I'KACT 
The brpad o b j e c t i v e s  of t h i s  s tudy were t o  ga the r  h i s t o r i c a l  cost and 
performance d k t a ,  o rgan ize  and ana lyze  t h e  d a t a  so t h a t  c o s t , e s t i m a t i n g  
r e l a t i o n s h i p s  could b e  developed, and e v a l u a t e  several system concepts  f o r  
space l o g i s t i c s  support .  
The primary source  of h i s t o r i c a l  c o s t  d a t a  w a s  t h e  G e m i n i  and Sa tu rn  
Programs and c o s t  e s t ima t ing  r e l a t i o n s h i p s  draw extensively o n  this experience.  
A range of  r e u s e  concepts were evaluated and optimum Oeast c o s t 1  concepts 
def ined f o r  a v a r i e t y  of program o p t i o n s ,  
t h ings  as crew s i z e ,  cargo c a p a c i t y ,  program requirements,  e tc .  f o r  either 
b a l l i s t i c  o r  l i f t i n g  body (M2-P2) e n t r y  v e h i c l e s ,  
These inc lude  var ia t ions Tn such 
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VOLUME I 
1. INTRODUCTION AND SUMMARY - .The purpose o f  the Optimized Cost/  
Performance Design Methodology s tudy  w a s  t o  provide a method of us ing  c o s t  
as a b a s i c  des ign  parameter i n  i d e n t i f y i n g  and d e f i n i n g  more economical 
space t r a n s p o r t a t i o n  systems. To th i s  end, c o s t  and des ign  d a t a  from 
h i s t o r i c a l  aerospace  programs were examined f o r  a p p l i c a b i l i t y  i n  p r o j e c t i n g  
t h e  c o s t  of f u t u r e  systems. 
and w a s  performed i n  two genera l  phases:  a d a t a  review and a n a l y s i s  phase 
This  twelve month s tudy  w a s  i n i t i a t e d  i n  J u l y  1968 
and a system eva lua t ion  phase. I 
The d a t a  review and a n a l y s i s  phase cons i s t ed  of an ex tens ive  in- 
v e s t i g a t i o n  of t h e  h i s t o r i c a l  hardware programs. F igure  1 i n d i c a t e s  t h e  
va r ious  sources  of d a t a  from t h e  McDonnell Douglas Corporat ion experience 
and a l s o  no te s  t h a t  n ine t een  subsystem manufacturers  provided a d d i t i o n a l  c o s t  
and des ign  d a t a  i n  Eupport of t h e  s tudy .  
c o n t r i b u t i o n  are l i g t e d  i n  Volume 11. 
These companies and t h e i r  areas of 
F i r s t  of a l l ,  i t  w a s  necessary t o  organize  t h e  c o s t  d a t a  according t o  
a c o s t  element s t r u c t u r e ,  a d j u s t i n g  d a t a  from d i f f e r e n t  programs s o  t h a t  i t  
would be re ferenced  t o  a common base. The Sa turn  SIV-B and Gemini program 
d a t a  were completely organized and served as the  primary d a t a  f o r  t h e  s tudy;  
d a t a  from t h e  o t h e r  sources  were used f o r  s p e c i f i c  r e l a t i o n s h i p s  where avail- 
a b l e  and app l i cab le .  This  i n v e s t i g a t i o n  of t h e  h i s t o r i c a l  d a t a  a l s o  included 
d e t a i l e d  a n a l y s i s  of both design and c o s t  da t a  i n  a n  e f f o r t  t o  d e f i n e  t h e  
p a r t i c u l a r  des ign  o r  performance parameters a s soc ia t ed  wi th  each subsystem 
which could be used t o  estimate c o s t s ,  The r e s u l t s  of t h i s  a n a l y s i s  of h i s t o r i -  
c a l  d a t a  were equat ions  r e l a t i n g  c o s t  t o  one o r  more des ign  parameters .  
equat ions were w r i t t e n  a t  o r  below t h e  subsystem l e v e l .  
These 
The phase two system eva lua t ion  w a s  q u i t e  broad i n  scope, r e q u i r i n g  
f i r s t  t he  development of a c o s t  and op t imiza t ion  model, and then i n v e s t i g a t i o n  
of program c o s t s  f o r  two conf igu ra t ion  conceptsp  a range of r e u s e  concepts ,  
and a parametr ic  t rea tment  of mission and program requirements ,  
Since t h e  d a t a  r e s u l t i n g  from t h e s e  s t u d i e s  are based on a n a l y s i s  of 
h i s t o r i c a l  programs, they r e f l e c t  t h e  development and o p e r a t i o n a l  ph i losophies  
which were employed i n  thesp  programs. 
made as t o  ways t o  e f f e c t  c ' s t  r educ t ions ;  most of these  a r e  v a l i d  sugges t ions  
and w i l l  have a s i g n f f i c a n t ' a f f e c t  on yos t  i f  they are implemented. 
Many sugges t ions  are c u r r e n t l y  being 
P 
Furthermore,  
1 
VOLUME I 
TI  NC€ 
1 SEPTEMBER 1969 
REPORT NO. MDC E0004 
i t  i s  recognized t h a t  t h e  c o s t  of space t r a n s p o r t a t i o n  must be  reduced i n  
o rde r  t o  have la v i a b l e  program. 
b a s i s  f o r  p r o j e c t i n g  t h e  e f f e c t  of t h e s e  sugges t ions  and i t  is n o t  clear which 
c o s t  r educ t ion  approaches d i l l  be  used. Therefore ,  i t  w a s  f e l t  t o  be  more 
meaningful t 6 ' p r o v i d e  t h e  advanced planner  wi th  a c o n s i s t e n t  set of comparative 
da t a  based on h i s t o r i c a l  f a c t s  than t o  inc lude  estimates which cannot be  sub- 
However, no d a t a  are available' t o  u s e  as a 
I 
I 
I 
s t a n t i a t e d  and which va ry  between any two i n d i v i d u a l s .  
down'in s u E f i c i e n t  d e t a i l  t h a t  t h e  a n a l y s t  has complete v i s i b i l i t y  of how t h e  
c o s t s  accrue ilnd can apply h i s  own adjustments t o  r e f l e c t  a c o s t  r educ t ion  
p h i  losophy . 
The d a t a  are broken 
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2. STUDY OBJECTIVES - The o b j e c t i v e s  of t h i s  s tudy  were e s t a b l i s h e d  as 
fo l lows  : 
1. Develop an a c c u r a t e  c o s t  model f o r  o r b i t a l - t r a n s p o r t a t i o n  systems 
which can  e s t a b l i s h  system des ign  cri teria for s tudying  economic 
op t imiza t ion  of such systems. 
2.  Exerc ise  t h i s  c o s t  model and op t imiza t ion  procedure on example 
concepts  of expendable, p a r t i a l l y  and completely r eusab le  
o r b i t a l - t r a n s p o r t a t i o n  systems. 
3. I d e n t i f y  t h e  c r i t i c a l  problems and t h e  key and pacing technologies  
and r e sea rch  areas o r i en ted  t o  t h e  more promising systems. 
4 .  Develop and provide the  t o o l s ,  programs, techniques,  and d a t a  
r equ i r ed  t o  perform t h e  above. 
A l l  s tudy  o b j e c t i v e s  have been m e t .  
3 
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3.  RELATION TO NASA PROGRAMS - This  s tudy  relates t o  o t h e r  NASA pro- 
grams i n  several ways. 
were t h e  Gemini and Sa tu rn  IV-B programs. Secondly, t h e  s tudy  addres ses  t h e  
ques t ion  of c o s t  which i b  paramount i n  t h e  t r a d e o f f  a n a l y s i s  of f u t u r e  systems; 
and t h i r d ,  t h i s  s tudy  w a s  d i r e c t e d  toward space t r a n s p o r t a t i o n  o r  space s h u t t l e  
systems. 
F i r s t  of a l l  t h e  primary sources  of h i s t o r i c a l  d a t a  
The f i r s t  r e l a t i o n s h i p  is  important because,  as mentioned i n  Sec t ion  1, 
i t  au tomat i ca l ly  means t h a t  t h e  r e s u l t i n g  c o s t  estimate w i l l  r e f l e c t  t h e  NASA 
way of managing t h e  Gemini and Saturn programs. 
important because a t o o l  has  been developed which w i l l  a i d  i n  t h e  r equ i r ed  
t r a d e  s t u d i e s .  The t h i r d  r e l a t i o n s h i p  is v i t a l  because t h e  space s h u t t l e  pro- 
gram is c u r r e n t  and necessary f o r  continued space exp lo ra t ion .  
s tudy has  addressed something of immediate i n t e r e s t  and importance, and d i r e c t l y  
suppor t s  o t h e r  c u r r e n t  NASA programs. 
The second r e l a t i o n s h i p  is 
Therefore  t h i s  
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4 .  BASIC ASSUMPTIONS AND METHODS OF APPROACH - This  s e c t i o n  d e s c r i b e s  
t h e  aasumptions and groundrules  e s t a b l i s h e d  f o r  t h e  s tudy and then i n d i c a t e s  t h e  
approach t h a t  has  been used i n  meeting t h e  s tudy o b j e c t i v e s .  
4.1 Groundrules and Assumptions - The b a s i c  assumptions i n  t h i s  study 
have been of two types:  t hose  concerned wi th  t h e  o rgan iza t ion  and a n a l y s i s  of 
t h e  c o s t  d a t a ,  and those  concerned with t h e  system eva lua t ion .  
and assumptions e s t a b l i s h e d  f o r  t h e  d a t a  o rgan iza t ion  were e s p e c i a l l y  s i g n i f i c a n t  
because of t h e  need t o  a d j u s t  and organize d a t a  from several sources ,  thereby 
a f fo rd ing  a common re fe rence .  
assumptions are l i s t e d  below. 
The groundrules  
Some of t h e  more important groundrules  and 
1. The Gemini program c o s t  d a t a  de f ined  i n  t h e  c o s t  element s t r u c t u r e  
s h a l l  reflcact a f i v e  f l i g h t  test program. Development of t h e  c o s t  
f o r  t h e  5 v e h i c l e s  and f l i g h t s  from t h e  c o s t  h i s t o r y  of 1 2  v e h i c l e s  
s h a l l  be  based on t h e  u n i t  c o s t  and t h e  a p p r o p r i a t e  l e a r n i n g  curves.  
2.  The Saturn S-IVB Cost Data Analysis w i l l  employ t h e  SAT-V configu- 
r a t i o n  i n  o r d e r  t o  account f o r  SAT-IBISAT-V common e f f o r t  charged 
t o  SAT-V by NASA ground r u l e .  The RDT&E phase of t h e  Saturn S-IVB 
program w i l l  be de f ined  as t h e  t i m e  per iod from c o n t r a c t  i ncep t ion  
(June 1962) t o  d e l i v e r y  of t h e  f i f t h  test s t a g e  from t h e  Sacramento 
T e s t  Center (7127166) .  This  inc ludes  4 SAT-IB s t a g e s  and 1 SAT-V 
s t a g e ,  t h e  t o t a l  of 5 being comparable t o  t h a t  used i n  d e f i n i n g  t h e  
Gemini RDT&E phase. 
schedul ing p r i o r  t o  SAT-V and t o  avoid a n  u n r e a l i s t i c a l l y  long 
RDT&E phase which would r e s u l t  from s e l e c t i o n  of a l l  SAT-V s t a g e s .  
F l i g h t  t es t  o p e r a t i o n s  a s s o c i a t e d  w i t h  t h e  S-IVB RDT&E phase w i l l  
be accounted f o r  s e p a r a t e l y  from a l l  o t h e r  c o s t s  due t o  abnormal 
e lapsed t i m e  between d e l i v e r y  and launch of s t a g e s  f o u r  and f i v e  
which r e s u l t e d  from problems wi th  t h e  payload and o t h e r  s t a g e s  of 
t h e  launch v e h i c l e .  S-TVB procurement f o r  t h e  RDT&E and investment 
phases w i l l  be determined i n  terms of a t h e o r e t i c a l  1st u n i t  c o s t  
f o r  t h e  SAT-V conf igu ra t ion  along w i t h  recommended l e a r n i n g  curves 
t o  be app l i ed  t o  each procurement c o s t  category f o r  q u a n t i t y  exten- 
s ions.  
The SAT-IB s t a g e s  are included due t o  t h e i r  
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3 .  The fol lowing mid-calendar 1969 l abor  rates which inc lude  d i r e c t  
l a b o r ,  overhead, G.& A .  and overtime premium (but exclude f e e )  s h a l l  
be,employed i n  t r a n s l a t i n g  man-hour estimates i n t o  c o s t .  
In-Plant Remote S i t e  
Engineering and Tes t ing  $2O*OO/hr $20.OO/hr 
Production ( including planning $11.80/hr $13.OO/hr 
Tooling $13,40/hr 
and q u a l i t y  assurance)  
Remote S i t e  Composite R a t e  $16.GO/hr 
4 .  A l l  o t h e r  program c o s t s  s h a l l  be ad jus t ed  t o  mid-calendar 1969 
d o l l a r s  u s ing  a 5% annua1j.y compounded f a c t o r .  
5. A 10% fee is t o  be used a t  t h e  program phase level.  
6. A 1963 t echno log ica l  base s h a l l  be assumed f o r  bo th  t h e  Gemini and 
Saturn S-IVB programs and t h e  p rov i s ion  s h a l l  be made i n  t h e  c o s t  
model f o r  t h e  i n c l u s i o n  of a technology e s c a l a t i o n  f a c t o r  t o  be 
app l i ed  t o  a l l  RDT&E phase c o s t s  except system tes t  hardware 
procurement and major subcon t rac to r s .  This  annual ly  compounded 
f a c t o r  should account f o r  t h e  increased documentation, t es t  r equ i r e -  
ments, q u a l i t y  a s su rance  and r e l a t e d  type e f f o r t s  which are imposed 
on a program as a func t ion  of t i m e  and tend t o  i n c r e a s e  its complex- 
i t y .  
I n  t h e  concept a n a l y s i s  t h e  two e n t r y  v e h i c l e  concepts  evaluated are a 
b a l l i s t i c  and a n  M2-F2 conf igu ra t ion .  
shown i n  Figure 2.  A s  i nd ica t ed  ear l ier ,  the emphasis of t h e  s tudy  is  space- 
c ra f t  o r i e n t e d ;  t h e r e f o r e  launch v e h i c l e  c o s t s  have been t r e a t e d  pa rame t r i ca l ly  
T'hese cover a range of reuse concepts  a s  
i n  o r d e r  to d e r i v e  t o t a l  program c o s t s .  The launch v e h i c l e  c o s t s  include 
RDT&E, investment,  and o p e r a t i o n a l  c o s t s  f o r  a l l  payload s i z e s ,  whether o r  not 
an e x i s t i n g  launch veh ic Je  could meet t h e  requirement. 
N o  d e t a i l e d  des igns  were accomplished i n  t h i s  s tudy;  r a t h e r  a computer- 
ized s p a c e c r a f t  s i z i n g  model based on geometric s c a l i n g  r e l a t i o n s h i p s  and s e m i -  
empi r i ca l  design/performance c h a r a c t e r i s t i c s  has  been used t o  d e r i v e  t h e  des ign  
d a t a  r q u i r e d  f o r  c o s t i n g .  The mission model and program assumptions e s t ab -  
l i s h e d  by NASA were as fol lows:  
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The,mission t o  be performed by t h e  s p a c e c a f t  under s tudy  is 
v r e w  r o t a t i o n  and resupply of a 12 man space s t a t i o n .  
The r een t ry  s p a c e c r a f t  s i z e  w i l l  be  v a r i e d  over t h e  range of crew 
s i z e s  from two t o  twelve men and over t h e  range of r e t u r n  cargo 
capac i ty  from 200 t o  2000 l b .  occupying from 100 t o  400 cu. f t .  
Cargo space e i t h e r  i n t e g r a l  w i th  t h e  r e e n t r y  s p a c e c r a f t  o r  i n  a n  
expendable cargo module, w i l l  be provided f o r  d e l i v e r e d  cargo over  
t h e  range of from 20,000 l b .  t o  200,000 l b .  w i t h  d e n s i t y  v a r i a t i o n s  
between 5 and 10 l b .  cu.  f t .  
Boost c a p a b i l i t y  w i l l  be  provided from both ETR and WTR i n t o  a 
100 na m i  o r b i t  f o r  i n c l i n a t i o n s  of 50 deg., 70 deg.,  and p o l a r .  
An o r b i t a l  p ropu l s ive  c a p a b i l i t y  w i l l  a l s o  be provided t o  accelerate 
i n t o  a rendezvous o r b i t  of 300 na m i  a l t i t u d e  w i t h  a maximum p lane  
change of 1 deg., t o  dock, and t o  i n i t i a t e  recovery.  
Both land and water landings w i l l  be considered as primary landing 
modes. 
The t i m e  f o r  r e t u r n  from o r b i t  w i l l  be  v a r i a b l e  over  t h e  range of 
from two t o  twenty fou r  hours.  
4.2 Approach - The approach throughout t h e  s tudy has  been t o  make c o s t  
a b a s i c  des ign  parameter which can in f luence  d e c i s i o n  making e a r l y  i n  the  
development phase of a program, Therefore,  t h e  emphasis w a s  placed on providing 
v i s i b i l i t y  of how t h e  c o s t s  accrue.  
followed t h e  s tandard technique of e s t a b l i s h i n g  a c o s t  element s t r u c t u r e  based 
on a program-project-subsystem type breakdown f o r  each of t h r e e  phases,  RDT&E, 
Investment and Operations.  The d e t a i l e d  c o s t  accounting r eco rds  were researched 
t o  e s t a b l i s h  t h e  breakdown of t h e  dataraccording t o  t h e  c o s t  element s t r u c t u r e  
and t o  determine adjustments  o r  t r a n s f e r s  t o  match t h e  s tudy  groundrules .  Once 
the  d a t a  were organized, t h e  a n a l y s i s  and comparison of  des ign  and performance 
c h a r a c t e r i s t i c s  provided t h e  b a s i s  f o r  normalizing t h e  c o s t s  s o  t h a t  e s t ima t ing  
equat ions could be w r i t t e n .  
of a p r i m e  c o n t r a c t o r  who would have o v e r a l l  p r o j e c t  r e s p o n s i b i l i t y  f o r  t h e  
s p a c e c r a f t  design/development and would use major subcon t rac to r s  fo r  subsystems 
o t h e r  than t h e  s t r u c t u r e  and thermal p r o t e c t i o n .  
The o rgan iza t ion  of t h e  h i s t o r i c a l  d a t a  
These equat ions were w r i t t e n  from t h e  s t andpo in t  
Design/development costs are 
4 
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est imated according t o  l a b o r  c a t e g o r i e s  i nc lud ing  engineer ing,  t o o l i n g ,  and 
product ion,  p l u s  material, c o n t r a c t o r  fu rn i shed  equipment, and subcon t rac t  
c o s t s .  
subsystem; t h e  investment c o s t s  are then de r ived  through combination of f i r s t  
u n i t  c o s t s ,  inventory requirements,  and l e a r n i n g  cu rves ,  The investment phase 
c o s t s  are  broken down by s u s t a i n i n g  engineer ing,  and s u s t a i n i n g  t o o l i n g  f o r  
each s p a c e c r a f t  module, and then t h e  product ion l a b o r ,  material, CFE and sub- 
c o n t r a c t  c o s t s  f o r  each subsystem. Operations costs are der ived according t o  
I 
For t h e  investment phase, f i r s t  u n i t  c o s t s  are de r ived  f o r  each 
a f u n c t i o n a l  o r g a n i z a t i o n  and are not  i d e n t i f i e d  according t o  subsystems; 
however, l a b o r  and material c o s t s  are sepa ra t ed .  
I n  t h e  second phase of t h e  s tudy  t h e  approach w a s  t o  i n c o r p o r a t e  t h e  
equat ions i n  a c o s t / o p t i m i z a t i o n  mods1 and e v a l u a t e  a series of concepts-  
P repa ra t ion  of t h e  c o s t  model w a s  s t r a igh t fo rward  and simply involved so lv ing  
each equat ion f o r  t h e  c o s t  a s s o c i a t e d  wi th  t h e  p a r t i c u l a r  design/performance 
c h a r a c t e r i s t i c s .  
d e t a i l  r equ i r ed  f o r  t h e  c o s t  equat ions w a s  handled by means of a s p a c e c r a f t  
s i z i n g  model. This  is a parametr ic  des ign  t o o l  which inc ludes  t h e  s p a c e c r a f t  
geometry c h a r a c t e r i s t i c s ,  des ign  d e f i n i t i o n  of v a r i o u s  subsystem a l t e r n a t i v e s ,  
and t h e  performance/design requirement r e l a t i o n s h i p s .  
to  m e e t  mission and program requirements,  t ak ing  i n t o  account a l l  t h e  subsystem 
i n t e r a c t i o n s  t h a t  r e s u l t  from changes i n  weight,  s i z e ,  impulse requirements ,  
etc. The ou tpu t  of t h i s  s i z i n g  model is f e d  d i r e c t l y  t o  t h e  c o s t  model t o  
d e r i v e  the c o s t  estimates. 
D e f i n i t i o n  of t h e  design/performance c h a r a c t e r i s t i c s  i n  t h e  
The v e h i c l e  is s c a l e d  
The concept a n a l y s i s  required a p p l i c a t i o n  o f  t h e  model t o  t h e  various 
s p a c e c r a f t  and reuse concepts ,  varying p i s s i o n  and program requirements I) 
subsystem compositions,  etc.  
c e p t s  i n  terms of t h e  amount of cargo c a r r i e d  p e r  launch, o p e r a t i o n a l  mode,  
Least c o s t  approaches were def ined f o r  a l l  con- 
etc.  f o r  t h e  b a s e l i n e  program; c o s t  s e n s i t i v i t i e s  were der ived f o r  v a r i a t i o n s  
f roin t h e  base l ine .  
11 
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5. DATA GENERATED APPLICABLE FOR GENERAL USE - The b a s i c  d a t a  genera- 
ted  i n  t h i s  s tudy  inc ludes  t h e  G e m i n i  and Sa turn  IV B program c o s t  h i s t o r y  
organized according t o  a common b a s i s ,  s p e c i f i c  d a t a  p o i n t s  from o t h e r  programs 
a c r o s s  t h e  spectrum of aerospace  development experience,  ex tens ive  subsystem 
d e s i g d c o s t  d a t a ,  and s e v e r a l  hundred c o s t  e s t ima t ing  r e l a t i o n s h i p s .  
Another major ou tpu t  of t h e  s tudy  i s  t h e  computer model t h a t  w a s  develo- 
ped. The c o s t  e s t ima t ing  r e l a t i o n s h i p s  were organized i n t o  a c o s t  model and 
coupled t o  a paramet r ic  des ign  model; t h e  t o t a l  computer model i nc ludes  blocks 
of l o g i c  t o  d e r i v e  o p e r a t i o n a l  program c h a r a c t e r i s t i c s  so t h a t  t o t a l  program 
c o s t s  can be der ived .  A f i n a l  ou tput  w a s  development of some gene ra l  c o s t  
t r e n d s ,  based on e x e r c i s i n g  t h e  computer model. 
The Gemini and Sa tu rn  IV B c o s t  d a t a  are summarized i n  Tables  1 and 2 
r e s p e c t i v e l y .  
t h e  ground r u l e s  of t h i s  s tudy  and r e f l e c t  t h e  test hardware requirements  and 
l abor  rates i n d i c a t e d  i n  Sec t ion  4 .  The s i g n i f i c a n c e  of t h e s e  is apparent  from 
t h e  f a c t  t h a t  t h e  t o t a l  Gemini program had an  a c t u a l  c o s t  (combined r e c u r r i n g  
and nonrecurr ing)  of about $700 m i l l i o n ,  whereas t h e  ad jus t ed  d a t a  i n  T a b l e  1 
shows an  RDTdE c o s t  of over  $800 m i l l i o n .  
It i s  important  t o  recognize t h a t  t h e s e  d a t a  are ad jus t ed  t o  
The c o s t  e s t ima t ing  r e l a t i o n s h i p s  cannot  be e a s i l y  summarized because 
each equat ion  u s e s  t h e  des ign  c h a r a c t e r i s t i c s  p e c u l i a r  t o  t h e  p a r t i c u l a r  i t e m  
o r  sys t em being es t imated .  However, t h e  need f o r  a d e t a i l e d  d e f i n i t i o n  of a 
sys t em is  evidenced by t h e  d a t a  shown i n  Figure 3. This  summarizes t h e  e f f e c t  
of t h e  des ign  parameters' i n f luence  i n  e s t ima t ing  t h e  design/development c o s t s  
of t he rm/s t ruc tu re  and t h e  product ion c o s t s  of s t r u c t u r e .  For t h e s e  i tems ,  
weight is  used as a primary v a r i a b l e  wi th  t h e  o t h e r  parameters  used as com- 
p l e x i t y  f a c t o r s .  The a p p l i c a t i o n  ( i - e . ,  use  of t h e  s t r u c t u r e  f o r  a s imple 
adap te r  versus  a miss ion  module versus  a n  e n t r y  v e h i c l e ,  e t c . )  r e s u l t s  i n  a 
f a c t o r  of 4 d i f f e r e n c e  i n  t h e  des ign  and 3 i n  t h e  product ion.  Furthermore, 
i f  t h e  s t r u c t u r e  is  a n  e n t r y  v e h i c l e ,  t h e r e  is a n  a d d i t i o n a l  des ign  complexity 
f a c t o r  ranging up t o  about 3 t o  account  f o r  d i f f e r e n c e s  between a body of 
r e v o l u t i o n  and a l i f t i n g  shape wi th  compound cu rva tu res ,  etc,  This  is a 
m u l t i p l i e r  and t h e r e f o r e  i n d i c a t e s  more than  an  o r d e r  of magnitude spread i n  
going from t h e  s i m p l e  a d a p t e r  t o  t h e  l i f t i n g  e n t r y  veh ic l e .  The environment 
f a c t o r  w a s  e s t a b l i s h e d  t o  account  f o r  t h e  thermal  environment of a n  e n t r y  
v e h i c l e  and w a s  s epa ra t ed  from t h e  a p p l i c a t i o n  f a c t o r  because d i f f e r e n t  miss ions  
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CE 
FIGURE 3 
THERMO/STRUCTURE COST - DESIGN CORRELATION 
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can impose d i f l f e ren t  des ign  requirements .  
low hea t ing  t r a j e c t o r i e s  c o n s i s t e n t  wi th  r o u t i n e  l o g i s t i c s  miss ions  as def ined  
f o r  t h i s  s tudy.  
t he  product ion c o s t s  s i g n i f i c a n t l y  but  no t  t h e  design.  
f o r  no t  inc luding  a des ign  f a c t o r  f o r  cons t ruc t ion  and material  is  t h a t  a 
The d a t a  spread ind ica t ed  assumes 
The type of cons t ruc t ion  and material is shown t o  in f luence  
Some of t h e  reasoning 
des igner  o r  a n a l y s t  i n  making a drawing o r  going through a set  of c a l c u l a t i o n s  
does e s s e n t i a l l y  t h e  same th ing  r ega rd le s s  of what type material  or cons t ruc t ion  
i s  employed. 
e f f e c t  is  probably buried i n  the  o t h e r  parameters;  however i t  could not  be 
separa ted  out a t  t h i s  time. 
i n  t h e  product ion area.  
This  i s  not  completely c o r r e c t  and i t  is  recognized t h a t  some 
The same reasoning a p p l i e s  t o  t h e  d e n s i t y  f a c t o r  
‘Yhe opera t ions  c o s t  estimates developed in t h i s  s tudy  are based on t h e  
same philosophy d iscussed  i n  Sec t ion  1 and the re fo re  are gene ra l ly  h igher  than  
the  c o s t s  c u r r e n t l y  being suggested.  
refurbishmentlrecertification c o s t .  The model as cons t ruc ted  assumes t h a t  even 
r e r a d i a t i v e  thermo s t r u c t u r e  would reqi i i re  100% inspec t ion ,  and ,replace- 
ment of 20% of t h e  s u r f a c e  .each cyc le .  
The most important d i f f e r e n c e  i s  i n  t h e  
A s i m i l a r l y  conse rva t iv :  philosophy is 
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app l i ed  t o  a l l  scheduled maintenance as i n d i c a t e d  i n  Volume 11, Book 2. Since 
t h i s  approach is q u i t e  d i f f e r e n t  from the c u r r e n t  ground r u l e s  imposed i n  
o t h e r  r e c e n t  s t u d i e s ,  t h e  t o t a l  program c o s t  t r e n d s  t h a t  r e s u l t  are also 
d i f f e r e n t .  T h e r e f o r e . i n  a d d i t i o n  t o  showing t o t a l  program c o s t s ,  sorde d a t a  
are presented showing only t h e  s p a c e c r a f t  development c o s t s  and f i r s t  u n i t  
c o s t s .  These d a t a  are considered more gene ra l  t han  t o t a l  program c o s t s  i n  any 
event because they are n o t  a f f e c t e d  by t h e  assumption of t r a f f i c  rate,  t o t a l  
t r a n s p o r t  volume, launch v e h i c l e  c o s t s ,  etc. 
The c o s t  model ou tpu t  provides  t h r e e  levels of d e t a i l ,  ranging from a 
top l e v e l  summary t o  p r i n t i n g  o u t  t h e  r eAul t s  of each equation. I n  a d d i t i o n  
t h e s e  d a t a  may be organized by program phase o r  by l abor  category.  Figure 4 
shows a sample p r i n t  a u t  f o r  t he  second l e v e l  c o s t  summary as a n  example of 
t h e  d e t a i l  a v a i l a b l e .  I n  a d d i t i o n ,  a s e p a r a t e  ou tpu t  provides  t h e  d e t a i l e d  
des ign  d e s c r i p t i o n  of t h e  veh ic lb .  
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6 .  SIGNIFICANT RESULTS - One of t h e  most s i g n i f i c a n t  r e s u l t s  of t h i s  s tudy  
was t h e  development of  t h e  d e t a i l e d  c o s t  model, 
c o n f i g u r a t i o n  concepts  f o r  t h i s  s tudy,  i t  is a g e n e r a l  t o o l  and can  b e  app l i ed  t o  
any s p a c e c r a f t  concept i f  t h e  des ign  c h a r a c t e r i s t i c s  are known. 
of t h e  model are only those  a s s o c i a t e d  w i t h  t h e  ground r u l e s  of t h i s  s tudy.  
example, t h e r e  is  p r e s e n t l y  no p rov i s ion  f o r  e s t ima t ing  e i t h e r  a i r  b rea th ing  
engines  o r  v a r i a b l e  geometry wings; however, t h e  a d d i t i o n  of o t h e r  i t e m s  does n o t  
pose a s i g n i f i c a n t  problem. 
While t h i s  was  app l i ed  t o  s p e c i f i c  
The l i m i t a t i o n s  
For 
Some of t h e  t o t a l  program c o s t  t r e n d s  are shown i n  F igu res  5 and 6. The 
v e h i c l e  concepts w e r e  de f ined  i n  Figure 2.  These c o s t s  are t r u e  t o t a l  program and 
inc lude  a l l  design/development, irivestment and o p e r a t i o n s  c o s t s  of both t h e  I.aunch 
v e h i c l e  and t h e  s p a c e c r a f t .  Also included are t h e  AGE, launch f a c i l i t i e s ,  t r a i n e r s  
and s imula to r s ,  program and p r o j e c t  o f f i c e  management, and a 10% f e e .  
A s  i n d i c a t e d  i n  Figures  5 and 6 ,  most of t h e  concepts  have a least  c o s t  
cargo s i z e  i n  t h e  range of 25,000 t o  55,000 l b s . ,  and are g e n e r a l l y  less s e n s i t i v e  
t o  being oversized than  undersized.  When comparing a B (modular) concept w i th  a C 
( i n t e g r a l  ca rgo ip ropu l s ion )  o r  an E ( i n t e g r a l  upper s t a g e ) ,  as shown i n  t h e  f i g u r e s ,  
i t  i s  necessary t o  have some i n s i g h t  i n t o  t h e  v a r i a t i o n s  i n  t h e  des ign  c h a r a c t e r i -  
s t i c s .  
cargo, t h e  e n t r y  v e h i c l e  l e n g t h  goes from about 30 f t  t o  50 f t  t o  110 f t .  The 
wetted area goes from about 750 E t 2  t o  2400 f t  
For a n ine  man l i f t i n g  body v e h i c l e  ( conf igu ra t ion  I I ) ,  w i t h  20,000 l b s .  of 
2 2 t o  10,900 f t  and t h e  d ry  weight 
from 13,000 t o  37,000 t o  260,000 l b s .  Figure 7 shows t h e  v a r i a t i o n  of d ry  weight 
with cargo s i z e .  
The r e l a t i v e  c o s t s  of t h e  concepts  as shown i n  Figu es 5 and 6 are p r i m a r i l y  
the  r e s u l t  of t h r e e  i n t e r a c t i n g  f a c t o r s :  t h e  v e h i c l e  s i z e ,  t h e  o p e r a t i o n s  phi lo-  
sophy, and t h e  launch v e h i c l e  c o s t .  F igu re  7 i n d i c a t e s  a s i g n i f i c a n t  i n c r e a s e  i n  
t h e  dry weight going from a B t o  C c o n f i g u r a t i o n  w i t h  a r e s u l t i n g  i n c r e a s e  i n  t h e  
o p e r a t i o n s  and launch v e h i c l e  c o s t s .  
t he  sav ings  achieved i n  t h e  investment of t h e  cargo/propuls ion module. 
t he  I I E  c o n f i g u r a t i o n s  is  so  l a r g e  t h a t  bes ides  a s i g n i f i c a n t  pena l ty  f o r  t h e  
expendable launch v e h i c l e ,  t h e  investment c o s t s  a c t u a l l y  exceed t h e  investment 
c o s t s  f o r  t h e  B c o n f i g u r a t i o n  f o r  t h i s  s i z e  program. It  should b e  pointed ou t  t h a t  
t he  I I E  c o n f i g u r a t i o n  i s  not t h e  most e f f i c i e n t  v e h i c l e  f o r  a n  upper s t a g e  and 
A l l  t h e s e  t h i n g s  combine t o  more than  o f f s e t  
The s i z e  Of 
t h e r e f o r e  p r e s e n t s  a n  o v e r l y  p e s s i m i s t i c  p i c t u r e  from what might be  achieved. 
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Furthermore t h e  v e h i c l e  d e f i n i t i o n  is  t h e  r e s u l t  of paramet r ic  r e l a t i o n s h i p s  and 
f o r  t h e  r eusab le  upper s t a g e  concepts  tends  t o  be heavier  than  similar s i z e  v e h i c l e s  
def ined i n  r e c e n t  p o i n t  des ign  s t u d i e s .  
To see t h e  e f f e c t  of t h e  ope ra t ions  philosophy, a comparison can be  made 
between t h e  I B  and I E  conf igu ra t ions .  I f  t h e  ope ra t ions  c o s t s  are assumed to  be 
zero f o r  both conf igu ra t ions  (an assumption not  f a r  d i f f e r e n t  from c u r r e n t  t h i n k i n g ) ,  
t he  B has  a c o s t  of about $3.5B and t h e  E about $4.5B a t  t h e  optimum s i z e  cargo 
(exluding management and f e e ) .  
lower investment c o s t  than  t h e  B and would show a savings  f o r  a l a r g e r  program. 
The E conf igu ra t ion  has  a h igher  RDT&E cost b u t  a 
One of t h e  c o n s t r a i n t s  a f f e c t i n g  t h e  t o t a l  program c o s t  f o r  t h e  E configura-  
t i o n  is simply the  turnaround t i m e .  
t he  t i m e  f o r  r e c e r t i f i c a t i o n  (under t h e  s tudy  assumptions) exceeds t h e  minimum time 
between launches for  a f i x e d  launch rate program. Therefore  inventory  requirements  
These v e h i c l e s  are so l a r g e  t h a t  i n  some cases, 
are high simply because of t h e  p i p e l i n e .  Some cons ide ra t ion  should be  g iven  to  a 
program requirement which would b u i l d ,  as l ea rn ing  decreased t h e  turnaround t i m e .  
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The in f luence  of t h e  launch v e h i c l e  c o s t s  can be  seen  from t h e  f a c t  t h a t  f o r  
t h e  c o n d i t i o n s  shown, t h e  launch v e h i c l e  r e p r e s e n t s  about 30% of t h e  t o t a l  c o s t  f o r  
t h e  modular concepts and about  60% f o r  t h e  upper s t a g e  concepts.  ' For t h e  modular 
concepts  - A through C,  t h e  launch v e h i c l e  i s  a two s t a g e  expendable c o n s i s t i n g  of a 
s o l i d  f i r s t  s t , age  and a L02/LH2 upper s t a g e .  
upper s t a g e  with t h e  s p a c e c r a f t  and t h e r e f o r e  have only a n  expendable 260 inch  s o l i d  
f i r s t  s t a g e  ( t h e  upper s t a g e  p r o p e l l a n t  tanks are a l s o  expended i n  t h e  D concept) .  
The completely r e u s a b l e  IIF concept u ses  an M2-F2 as a boost  v e h i c l e  as de f ined  i n  
a previous s tudy f o r  NASA, NAS 2-3191. 
The D and E concepts  i nc lude  t h e  
Figures  8 and 9 show t h e  s p a c e c r a f t  Design/Development c o s t s  by subsystem 
f o r  b a l l i s t i c  and l i f t i n g  body concepts ,  and i n d i c a t e  t h e  e f f e c t  of going from a 
modular concept ( B )  t o  a r eusab le  ( E ) .  The t r ends  are as would be expected wi th  
r e l a t i v e  inc reases  f o r  s t r u c t u r e  and propuls ion and decreases  i n  t h e  o t h e r s .  The 
s t r u c t u r a l  i n c r e a s e  i n  t h e  l i f t i n g  body i s  somewhat higher  t han  might be expected 
because t h e  des ign  assumes t h e  launch bending loads  are c a r r i e d  through t h e  adap te r  
a t t ached  t o  t h e  base of t h e  veh ic l e .  Removing p a r t  of t h e  load w i t h  an attachment 
f a r t h e r  forward would s i g n i f i c a n t l y  reduce t h e  s t r u c t u r a l  weight and t h e r e f o r e  t h e  
cos t .  
The e f f e c t  of t h e  subsystem c o s t  can a l s o  be seen i n d i r e c t l y  i n  Figure 10  
which shows b a s i c  s p a c e c r a f t  development c o s t s  w i th  dry weight.  For t h e  very l a r g e  
l i f t i n g  body v e h i c l e s ,  t h e  c o s t  v a r i e s  almost d i r e c t l y  wi th  weight t o  t h e  0.485 
power, i n d i c a t i n g  t h e  dominance of t h e  thermo s t r u c t u r e  ( see  F igu re  3 ) .  However, 
f o r  t he  smallest modular v e h i c l e s ,  t h e  s l o p e  i s  much less, i n d i c a t i n g  t h e  importance 
of t h e  o t h e r  subsystems. 
I 
i 
F igures  11 and 1 2  show f i rs t  u n i t  c o s t s  f o r  t h e  b a l l i s t i c  and l i f t i n g  body 
concepts r e spec t ive ly .  ' The smoothness of the  curve i n  going from one reuse concept 
t o  another  (I3 t o  C t o  E )  would seem t o  be a very s i g n i f i c a n t  r e s u l t  of t he  s tudy 
and seems even more so i f  t h e  d a t a  from the two f i g u r e s  are o v e r l a i d .  
and l i f t i n g  v e h i c l e s  fol low t h e  same trend and have e s s e n t i a l l y  t h e  same c o s t  f o r  a 
given d ry  weight even though t h e  v e h i c l e  f u n c t i o n  d i f f e r s  (i.e. t h e  I I C  and I E  
ove r l ap ) .  
as t h e  v e h i c l e  s i z e  i n c r e a s e s ,  s t r u c t u r e  c o s t s  become dominant and t h e  t o t a l  v e h i c l e  
l 
The b a l l i s t i c  
T h i s  weight i nc ludes  a l l  subsystems and not  j u s t  s t r u c t u r e  b u t ,  aga in ,  
c o s t  v a r i e s  as  t h e  s t r u c t u r e  c o s t .  
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7. SUGGESTIONS FOR FUTURE WORK - This  s tudy  was n e c e s s a r i l y  cons t r a ined  
by funding and schedule  l i m i t a t i o n s .  
gene ra l  t o o l ,  it w a s  on ly  exerc ised  fo r  b a l l i s t i c  and M2/F2 s p a c e c r a f t ,  One 
of t h e  m o s t  v a l u a b l e  areas of a d d i t i o n a l  work would be  t o  examine o t h e r  con- 
cepts which are being suggested as candida tes  f o r  t h e  space  s h u t t l e  t a sk .  
emphasis of o t h e r  c u r r e n t  work i n  t h e  area of space  s h u t t l e  v e h i c l e s  is on 
completely r e u s a b l e  two s t a g e  conf igu ra t ions .  
two s t a g e  r e u s a b l e  concept ,  t h e  emphasis of t h e  s tudy  w a s  on s p a c e c r a f t  and 
t h e  r eusab le  boos t e r  d a t a  were assumed from a previous s tudy  accomplished f o r  
MAD/OART, 
s p a c e c r a f t  c o n f i g u r a t i o n s ,  and b e t t e r  d e f i n i t i o n  of t h e  r e u s a b l e  boost  s t a g e .  
Therefore ,  while t h e  c o s t  model is a 
The 
While t h i s  s tudy  has  included a 
Therefore  a d d i t i o n a l  work could be accomplished i n  two a r e a s :  o t h e r  
Another area of p o t e n t i a l l y  va luab le  f u t u r e  work is ope ra t ions  c o s t s .  
These c o s t s  are always q u i t e  dependent on t h e  ground r u l e s  e s t a b l i s h e d  and 
t h e r e f o r e  r e f l e c t  a c e r t a i n  degree of a r b i t r a r i n e s s .  
l i t t l e  b a s i s  f o r  p r o j e c t i n g  these  c o s t s  w i th  any c e r t a i n t y  i t  seems d e s i r a b l e  
t o  a t  least do some s t t i d i e s  which bound t h e  problem and show t h e  s e n s i t i v i t y  
of v a r i o u s  concepts  t o  t h e  assumptions. This  s tudy  has  i n d i c a t e d  t h a t  w i th  a 
conse rva t ive  approach t o  r e u s e  ( i . e . ,  complete i n s p e c t i o n ,  20% replacement of 
r e r a d i a t i v e  material, e t c . )  a completely r e u s a b l e  upper s t a g e  may no t  be t h e  
Since t h e r e  is very 
least c o s t  approach. However, t h i s  is s p a c e c r a f t ,  launch v e h i c l e ,  launch rate,  
and program dependent,  as w e l l  as being dependent on t h e  o p e r a t i o n a l  philosophy; 
i t  i s  not  a gene ra l  conclus ion ,  a l though i t  is a c o r r e c t  conclus ion  f o r  t h i s  
system wi th  t h e  ground r u l e s  of t h i s  s tudy .  
conduct f u r t h e r  ana lyses  so t h a t  gene ra l  conclus ions  may be drawn. 
It would seem highly  d e s i r a b l e  t o  
A f i n a l  sugges t ion  f o r  f u t u r e  work would be i n  showhg the  e f f e c t  of t h e  
management approach, 
programs and t h e r e f o r e  r e f l e c t  t h e  h i s t o r i c a l  management techniques.  Since 
t h e s e  techniques are assumed t o  have con t r ibu ted  t o  h igh  program c o s t s ,  some 
people  sugges t  t h a t  a d i f f e r e n t  approach could r e s u l t  i n  reduced c o s t s .  me 
e f f e c t  of a management approach is d i f f i c u l t  t o  q u a n t i f y  b u t  i t  might be 
p r o f i t a b l e  t o  emyloy a "what i f "  a t t i t u d e  and determine some t o t a l  program c o s t  
s e n s i t i v i t i e s .  
The d a t a  generated i n  t h i s  s tudy  are based on h i s t o r i c a l  
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